Introduction
It has been reported that the reverberation time in a room with unevenly-distributed absorbers is often longer in the middle-and high-frequency range than in the low-frequency range [1, 2] . This phenomenon was confirmed through an experimental scale model study, and the effects of the arrangement of absorbers and wall shape, for example, on the reverberation time was investigated [3] . In the present study, we investigate in detail the characteristics of this phenomenon using three-dimensional wave-based numerical methods in an attempt to clarify the mechanism of this phenomenon. 
Numerical study
, arrangement of absorbers (floor absorption or floor and ceiling absorption), and wall type. Real number acoustic impedance is used for boundary conditions: the value corresponding to a statistical absorption coefficient ¼ 0:5 for absorption surfaces, and the value corresponding to ¼ 0:05 for the other surfaces, which approximate rigid walls. The frequency characteristics of the impedance are flat. Four wall types are considered: normal flat walls (Type N) and the three types of walls shown in Fig. 2 (Types D, I and O). Types D, I and O are intended to diffuse sound mainly in the vertical direction. These wall types are placed on all walls. The time transient responses are computed using the three-dimensional FDTD method, and are 1/3 band filtered. The reverberation time for each band is evaluated using the integrated impulse response method over a 55-dB decay range in the reverberation curve (from À5 to À60 dB).
Results and discussion
In following discussion, the floor space is S f ¼ 24 Â 12, unless noted otherwise. 3.1. Effect of room shape Figure 3 shows the effect of the room height and the floor space on the frequency characteristic of the reverberation time when the floor and the ceiling are absorbent. Values obtained using Eyring's reverberation formula are also shown. For all cases, numerical values are larger than those obtained using Eyring's formula, especially at high frequencies. It should be noted that when the room height increases, the increased reverberation time compared to the values obtained using Eyring's formula occurs at lower frequencies, indicating that the increase in the reverberation time is caused by multiple sound reflection between the walls, and that the multiple reflection occurs only when the wavelength is sufficiently shorter than the wall height. In contrast, the effect of the floor space is quite small. From these results, we can state that the room height strongly affects the frequency characteristic of the reverberation time, at least in rectangular rooms.
Examples of reverberation curves are shown in Fig. 4 . Bending occurs in the 500-Hz curve, at which the reverberation time is longer than at 125 Hz. 3.2. Effect of absorber arrangement Figure 5 shows the effect of the absorber arrangement on the frequency characteristic of the reverberation time. The reverberation time in a room with floor absorption is longer than that in a room with floor and ceiling absorption when the room height is fixed. In addition, the results for a room having a height of h ¼ 3 with floor absorption and the results for a room having a height of h ¼ 6 with floor and ceiling absorption are approximately the same. This phenomenon is interpreted as shown in Fig. 6(a) with respect to the rigid ceiling for the case of the room with floor absorption. Based on this interpretation, the reverberation characteristics of a room having a height of h m with floor absorption (or ceiling absorption) are approximately equivalent to reverberation characteristics of a room having the same floor space and height of 2h m with floor and ceiling absorption, when the surfaces of the room (except for the absorbent surfaces) are sufficiently rigid. Figure 7 shows the effect of wall type on the frequency characteristic of the reverberation time for a room having an absorbent floor. For the Type I room (having inward-inclining walls), the frequency characteristic is almost flat and is approximately equivalent to that obtained using Eyring's formula. Whereas, in the case of the Type O room (having outward-inclining walls), the reverberation time is longer than that obtained using Eyring's formula over the entire range of calculation. This can be explained as shown in Fig. 6(b) . In the case of the Type I room, reflected waves easily strike the absorbent floor. Whereas in the case of the Type O room, multiple reflection occurs between the rigid ceiling and walls. With respect to the Type D room (having diffusers placed in the vertical direction), a decrease in the reverberation time was observed only at frequencies above 250 Hz. This is attributed to the size of diffusers, and so the reverberation time may be decreased over a broader frequency range if various kinds of diffusers are used in conjunction.
Effect of wall type

Steady-state SPL distribution
Steady-state sound fields were analyzed using the fast multipole BEM (FMBEM) [4] to evaluate the difference between conditions from the viewpoint of diffusion. Figure 8 shows the sound pressure level for the 500-Hz 1/1 octave band distributed on a straight line from the point source in the positive x direction. Theoretical values of the relative sound pressure level of diffuse sound fields are also shown, as obtained by the following equation:
where r is the distance from the point source and R is the room constant. Here, the sound pressure level distributions for 1/1 octave bands using the FMBEM were obtained by energy summation of the numerical results at 1/12 octave band center frequencies. The sound pressure level of the Type N room (having normal walls) is found to be larger than the theoretical values on the whole, whereas that of Type I room (having inward-inclining walls) is found to be closer to the theoretical sound pressure level.
Concluding remarks
The reverberation characteristics in a room having unevenly-distributed absorbers were investigated through three-dimensional wave-based numerical analyses. The reverberation time in a room having an absorbent floor and/or ceiling was confirmed to be longer in the middle-and highfrequency range compared to that obtained using Eyring's formula, and the arrangement of absorbers was also confirmed to affect the frequency characteristic of the reverberation time.
The results of the present study revealed that the frequency characteristic of the reverberation time depends considerably on the height of the room. The placement of diffusers in the vertical direction and inward-inclining walls were found to be effective for reducing the reverberation time. 
